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Abstract
In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent
epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconﬁguration in Posidonia oceanica. DNA methylation level and pattern were analysed in
actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,
through a Methylation-Sensitive Ampliﬁcation Polymorphism technique and an immunocytological approach,
respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,
was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron
microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de
novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of
interphase nuclei and apoptotic ﬁgures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a speciﬁc methyltransferase. Such changes are
linked to nuclear chromatin reconﬁguration likely to establish a new balance of expressed/repressed chromatin.
Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconﬁguration, CHROMOMETHYLASE,
DNA-methylation, Methylation- Sensitive Ampliﬁcation Polymorphism (MSAP), Posidonia oceanica (L.) Delile.
Introduction
In the Mediterranean coastal ecosystem, the endemic
seagrass Posidonia oceanica (L.) Delile plays a relevant role
by ensuring primary production, water oxygenation and
provides niches for some animals, besides counteracting
coastal erosion through its widespread meadows (Ott, 1980;
Piazzi et al., 1999; Alcoverro et al., 2001). There is also
considerable evidence that P. oceanica plants are able to
absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus
inﬂuencing metal bioavailability in the marine ecosystem.
For this reason, this seagrass is widely considered to be
a metal bioindicator species (Maserti et al., 1988; Pergent
et al., 1995; Lafabrie et al., 2007). Cd is one of most
widespread heavy metals in both terrestrial and marine
environments.
Although not essential for plant growth, in terrestrial
plants, Cd is readily absorbed by roots and translocated into
aerial organs while, in acquatic plants, it is directly taken up
by leaves. In plants, Cd absorption induces complex changes
at the genetic, biochemical and physiological levels which
ultimately account for its toxicity (Valle and Ulmer, 1972;
Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;
Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to
an inhibition of photosynthesis, respiration, and nitrogen
metabolism, as well as a reduction in water and mineral
uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;
Shukla et al., 2003; Sobkowiak and Deckert, 2003).
At the genetic level, in both animals and plants, Cd
can induce chromosomal aberrations, abnormalities in
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Abstract
Success in breeding crops for yield and other quantitative traits depends on the use of methods to evaluate
genotypes accurately under ﬁeld conditions. Although many screening criteria have been suggested to distinguish
between genotypes for their salt tolerance under controlled environmental conditions, there is a need to test these
criteria in the ﬁeld. In this study, the salt tolerance, ion concentrations, and accumulation of compatible solutes of
genotypes of barley with a range of putative salt tolerance were investigated using three growing conditions
(hydroponics, soil in pots, and natural saline ﬁeld). Initially, 60 genotypes of barley were screened for their salt
tolerance and uptake of Na
+, Cl
–, and K
+ at 150 mM NaCl and, based on this, a subset of 15 genotypes was selected
for testing in pots and in the ﬁeld. Expression of salt tolerance in saline solution culture was not a reliable indicator
of the differences in salt tolerance between barley plants that were evident in saline soil-based comparisons.
Signiﬁcant correlations were observed in the rankings of genotypes on the basis of their grain yield production at
a moderately saline ﬁeld site and their relative shoot growth in pots at ECe 7.2 [Spearman’s rank correlation
(rs)¼0.79] and ECe 15.3 (rs¼0.82) and the crucial parameter of leaf Na
+ (rs¼0.72) and Cl
– (rs¼0.82) concentrations at
ECe 7.2 dS m
21. This work has established screening procedures that correlated well with grain yield at sites with
moderate levels of soil salinity. This study also showed that both salt exclusion and osmotic tolerance are involved
in salt tolerance and that the relative importance of these traits may differ with the severity of the salt stress. In soil,
ion exclusion tended to be more important at low to moderate levels of stress but osmotic stress became more
important at higher stress levels. Salt exclusion coupled with a synthesis of organic solutes were shown to be
important components of salt tolerance in the tolerant genotypes and further ﬁeld tests of these plants under stress
conditions will help to verify their potential utility in crop-improvement programmes.
Key words: Barley, hydroponics, osmotic stress, physiological traits, salinity tolerance, screening, soil, speciﬁc ion toxicity.
Introduction
Broadacre cropping in Australia is based on rainfed systems
in a semi-arid environment, where the efﬁcient uptake and
use of water is the main driver of productivity. However,
more than 60% of the 20 million ha of cropping soils in
Australia are sodic which, together with low rainfall and
high rates of evapotranspiration, have contributed to the
development of transient salinity (Rengasamy, 2002). Saline
subsoils adversely affect the ability of crops to use subsoil
water and this imposes a signiﬁcant constraint on pro-
ductivity. In the last three decades, considerable effort has
been directed towards gaining a better understanding of
how plants respond to salinity and, in particular, the
physiological and molecular bases of salinity tolerance
(Munns and Tester, 2008).
A range of engineering and farm management solutions is
available to control soil salinity, but their costs and slow
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ble. To maintain crop production in regions with saline soils
and water, a genetic approach, involving breeding cultivars
with an enhanced ability to grow on salt-affected land, has
been proposed in conjunction with the normal reclamation
and management practices. The majority of the work on
developing selection criteria for improved salt tolerance has
been done using solution culture, either in hydroponic or
supported hydroponic systems (Munns et al., 2002; Genc
et al., 2007), or using sand-based systems (Munns et al.,
2002), with the implicit assumption that differences in
salinity tolerance expressed in these systems will result in
improved performance in the ﬁeld. Strong evidence to
support this is lacking and the ability of solution culture to
identify genotypes expressing salt tolerance under stressed
conditions in the ﬁeld needs to be evaluated critically
(Gregory et al., 2009). Recently, Tavakkoli et al. (2010a)
demonstrated using two genotypes of barley that solution
culture may not be able to discern differences in salt
tolerance between genotypes of barley that are expressed
when grown in soil. However, screening for salt tolerance
needs to assess large numbers of genotypes and so it is
necessary to examine whether the conclusions based on an
assessment of two genotypes is valid when large-scale
screening occurs.
Most studies evaluating genetic variation in salt
resistance in crop plants have been performed in controlled
or semi-controlled environments at a single level of salt
stress with no validation of the results under ﬁeld
conditions. Furthermore, studies under controlled condi-
tions generally involve imposing salinization on seedlings
over a relatively short period (often 1–2 d) whereas the
salinity stress in the ﬁeld may show a greater level of
spatial and temporal variation (Richards, 1983; Flowers
and Hajibagheri, 2001; Munns et al., 2002; Genc et al.,
2007; James et al., 2008; Rajendran et al., 2009; Kopittke
et al., 2011; Tavakkoli, 2011). The variation in salt stress
in the ﬁeld also means that plants can be exposed to
a range of salt concentrations at different growth stages,
but it is not clear which is the most appropriate salinity
level for screening and what stage of development best
relates to genetic differences expressed in the ﬁeld. This
information is necessary to develop efﬁcient breeding and
selection methods for salt tolerance in crops, and it needs
to be compared with the results of studies carried out in
naturally saline ﬁeld environments (Richards, 1983;
Richards et al., 1987; El-hendawy et al., 2005).
Efforts to enhance crop yields under salinity stress have
also had a limited success because available knowledge of
the mechanisms of salt tolerance has not been turned into
useful selection criteria to evaluate a wide range of
genotypes within and across species. Attempts have been
made to evaluate salt tolerance at germination and emer-
gence stages in wheat and barley, and large genotypic
differences were reported (Munns et al., 2000; Chen et al.,
2008; James et al., 2008), but this early evaluation appears
to have little relation to overall performance under saline
conditions (Munns et al., 2002). Though Na
+ exclusion and
K
+/Na
+ ratios have been suggested to be reliable traits for
selecting salt-tolerant crops (Munns et al., 2002; Munns and
James, 2003; Poustini and Siosemardeh, 2004), the value of
this trait has not been used routinely in plant-breeding
programmes. Therefore, there is a need to identify traits
associated with salinity tolerance and to develop simple,
high-throughput, repeatable screening methods to evaluate
a large number of genotypes. Studies on salt tolerance
among the major cereals have concentrated on Na
+ trans-
port and accumulation, while the role of Cl
– in growth and
yield reduction of grain crops has been neglected. It is
generally considered that Cl
– toxicity is not a major cause of
reductions in growth of grain crops (Kingsbury and
Epstein, 1986; Kinraide, 1999) but some recent work in
both ﬁeld and greenhouse experiments has questioned this
assumption (Dang et al., 2008, Tavakkoli et al., 2010b,
2011).
The aim of this work was to examine critically the ability
of hydroponic screening to identify differences in salt
tolerance in soil, either in pots or in the ﬁeld. The ﬁrst
experiment evaluated the genotypic variation for salinity
tolerance and ion uptake during the early vegetative stage
among 60 varieties of barley. On the basis of this initial
screen a subset of genotypes was selected for evaluation in
soil under controlled conditions and of yield in the ﬁeld.
The experiments investigated possible physiological traits
that could be used as screening criteria in selected genotypes
in a soil-based experiment and in the ﬁeld.
Materials and methods
Experiment 1: hydroponic screening
Sixty genotypes of barley were screened for their tolerance to
salinity in two individual experiments under identical environmen-
tal conditions (Table 1).The genotypes were a selection of varieties
and breeding lines that have been used in barley breeding trials in
South Australia and were representative of the range of genetic
material that has been grown in the region. The pedigrees of these
genotypes are diverse, coming from a range of genetic back-
grounds. The experiment used a supported hydroponic system
(Genc et al., 2007). Plants were grown in cylindrical PVC tubes
(4 cm diameter328 cm depth) ﬁlled with cylindrical black
polycarbonate pellets (approximately 2–4 mm long and 1–2 mm in
diameter) in a series of 50 l tubs each of which contained 42 PVC
tubes. Two tubs were served by a single tank of 80 l nutrient
solution. Each tub was ﬁlled and drained with 25 l of nutrient
solution every 30 min. A modiﬁed Hoagland’s solution (Tavakkoli
et al., 2010a) was used, the composition of which (in mM) was:
NH4NO3 (0.2); KNO3 (5); Ca NO3.2 (2); MgSO4 (2); KH2PO4
(0.1); Na2SiO3 (0.5); NaFe (III)–hydroxyethyl ethylenediamine
triacetic acid (HEDTA) (0.05); H3BO3 (0.01); MnCl2 (0.005);
ZnSO4 (0.005); CuSO4 (0.0005); and Na2MoO3 (0.0001). Solutions
were changed every 7 d, at which time the pH was adjusted to 6.0.
The experiment was conducted in a temperature-controlled growth
chamber with day/night temperatures of approximately 23/19 ￿C.
The intensity of photosynthetically active radiation was measured
using a Li-Cor quantum sensor meter Model LI-1000, Li-Cor,
Lincoln, NE, USA. and varied from 550–600 mmol m
￿2 s
￿1.
Uniformly sized seeds of each genotype were surface-sterilized in
70% ethanol for 1 min, followed by soaking in 3% sodium
hypochlorite for 5 min and three lots of rinsing with deionized
water. Seeds were germinated on ﬁlter paper in Petri dishes at
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into PVC tubes (one seedling per tube) ﬁlled with cylindrical black
polycarbonate pellets. A NaCl concentration of 150 mM (EC
;14.7 dS m
￿1) was used as the salinity stress treatment. This
concentration was selected on the basis of applied salt treatment in
most of the current studies on salinity tolerance of barley
(Garthwaite et al., 2005; James et al., 2006; Huang et al., 2008;
Britto et al., 2010; Munns et al., 2010; Shavrukov et al., 2010). At
8–10 d after transplanting, when the third leaf was beginning to
appear, the salt treatment was imposed in increments of 25 mM
NaCl per day until the ﬁnal concentration of 150 mM NaCl was
achieved. Supplementary Ca
2+ (5 mM) as CaCl2 was added to the
NaCl treatment to prevent Ca
2+ deﬁciencies in plants (Munns and
James, 2003;Genc et al., 2010). Plants were harvested 49 d after
transplanting. The blade of the youngest fully expanded leaf was
separately placed in a capped plastic vial. Fresh weight was
measured and plants dried at 80 ￿C for 72 h and dry weights were
recorded. The whole shoot moisture content was calculated from
the fresh and dry weights. The salt tolerance was calculated as the
percentage ratio of shoot dry matter production in salt treatment
to control.
The osmotic potential of leaf sap was measured. A disc of
Whatman GF/B glass micro-ﬁbre paper was placed in the barrel of
a 2 ml plastic syringe so that it covered the outlet hole. A fresh leaf
was then put in the barrel, the plunger was re-inserted, and the tip
of the syringe was sealed with Blu-Tack
￿ (pressure-sensitive
adhesive putty). The syringe was frozen in liquid nitrogen and, still
sealed, was thawed to ambient temperature. When temperature
equilibration was complete, the plunger and Blu-Tack were
removed and the barrel of the syringe was placed in a 15 ml
centrifuge tube, with its tip resting inside a 1.5 ml Ependorff tube.
After centrifugation at 2500 g for 10 min at 4 ￿C, the osmolality of
a 10 ll sample was measured by a calibrated vapour pressure
osmometer (Model 5520; Wescor, Inc., UTAH, USA). Values
(mmol kg
￿1) were converted to megaPascals (MPa) by multiplying
by 2.469310
￿3 (Genc et al., 2010).
The high performance liquid chromatography HPLC. Dionex
DX 500 system consisting of an AS40 Autosampler, GP40
gradient pump, AD20 UV/Visible absorbance detector, ED40
electrochemical detector, and LC20 chromatography enclosure
was used to quantify levels of compatible solutes in plants.
Immediately following harvest, the leaf sap was extracted as
described for osmotic potential measurement. One ml of meth-
anol:chloroform:water (60:25:15 by vol) was added to each sample
and the samples were vortexed for 1 min before centrifugation for
10 min at 10 000 g at 4 ￿C. The supernatant was removed and the
samples were freeze-dried. The samples were resuspended in 200 ll
of milliQ water prior to injection into the HPLC. A mixture of
standards (glycine betaine, sucrose, glucose, fructose, mannitol,
trigonelline, and sorbitol), was prepared in methanol:water (50:50,
v:v) at 0.5 lg ll
￿1 for glycine betaine and 2.5 lg ll
￿1 for the
remaining solutes. Ten ll of the standard solution was injected
into the HPLC while running each batch of samples. The
contribution of organic and inorganic ions to leaf osmotic
potential was determined using the van’t Hoff equation, where the
calculated contribution of individual solutes to measured Ws, was
based on solute concentration on a molar basis (Marigo and
Peltier, 1996).
The dried samples of the youngest fully expanded leaf were
digested in 40 ml of 4% nitric acid HNO3. at 95 ￿C for 4 h in a 54-
well HotBlock (Environmental Express, Mt Pleasant, SC, USA).
The concentration of Na
+ and K
+ in the digested samples was
determined using a ﬂame photometer (Model 420, Sherwood,
Cambridge, UK). Chloride concentrations of the digested extracts
were determined using a chloride analyser (Model 926, Sherwood
Scientiﬁc, Cambridge, UK). Plant standards (Australasian Soil and
Plant Analysis Council) were included in every batch of analysis
and the recovery of Na
+, Cl
–, and K
+ from these were 95%, 91%,
and 92%, respectively.
Table 1. The genotypes of barley used in Experiment 1
Var/line Origin Source/Reference
Albecta – –
Arivat USA (Aslam et al., 1984)
Arta Syria (Muehlbauer et al., 2009)
Arupo CIMMYT –
Barque Australia (McDonald, 2006)
Barque 73 Australia (Tavakkoli et al., 2011)
Baudin Australia –
Beecher Australia (Rawson, 1986)
Briggs USA (Lynch and Lauchli, 1985)
Buloke Australia (Nuttall et al., 2010)
California Mariout North Africa (Halperin et al., 1997)
Capstan Australia –
Chevron USA (Gorham et al., 1994)
Cl-3576 North Africa –
Clipper Australia (Tavakkoli et al., 2010a)
Club Mariout North Africa (Richards et al., 1987)
CM67 North Africa (Gorham et al., 1994)
CM72 North Africa (Cramer et al., 1990)
CPI 71284-48 Iran (Shavrukov et al., 2010)
CPI 77146-32 Iran –
Dhow Australia –
Dobla Spain (Royo and Aragu ¨e ´s, 1999)
Egmont ICARDA (Flowers and Hajibagheri, 2001)
Er/Apm Syria (Othman et al., 2006)
Flagship Australia –
Fleet Australia (Ellis et al., 2002)
Franklin Australia (James et al., 2006)
Gairdner Australia (Tajbakhsh et al., 2006)
Gerbel UK (Royo and Aragu ¨e ´s, 1999)
H. Spont 41.1 Syria –
Halycon UK –
Harmel Syria (Othman et al., 2006)
Hindmarsh Australia –
ICARDA 382 Syria –
ICARDA 391 Syria –
Kaputar CIMMYT –
Keel Australia (Harris et al., 2010)
Maritime CIMMYT (Browning et al., 2006)
Mundah Australia (Harris et al., 2010)
O2D/20 Australia –
Parent 08 Syria –
Parent 12 Syria –
Parent 15 Syria –
Parent 16 Syria –
Parent19 Syria –
Prato USA (Ramagopal, 1987)
Ratna USA (Nair and Khulbe, 1990)
Sahara North Africa (Tavakkoli et al., 2010a)
Schooner Australia (James et al., 2006)
Skiff Australia (Munns and James, 2003)
Sloop Australia (Jiang et al., 2006)
Tadmor Syria (Muehlbauer et al., 2009)
Vlamingh Australia –
WI 2198 Australia –
WI 3416 Australia –
WI 3788 Australia –
WI 4262 Australia –
Yarra Australia –
YU 6472 China (Tajbakhsh et al., 2006)
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genotypes of barley to different soil salinity levels
Based on the results of Experiment 1 as well as previous screening
work for salt tolerance (E Tavakkoli, unpublished data;
S Coventry, personal communication) a subset of 15 barley
genotypes showing different levels of ion exclusion and salt
tolerance was selected for further study in soil. The 15 barley
genotypes were Fleet, Flagship, Buloke, Hindmarsh, WI4263,
Schooner, Parent 19, Gairdner, ODZ/20, Yara, Sloop, Maritime,
Capstan, Keel, and Baudin.
The soil of the A horizon topsoil of a non-saline sandy loam red
Chromosol (Isbell, 1996). was collected from Roseworthy (34￿51#
S, 138￿68# E), South Australia. Following collection, the soil was
air-dried and ground to pass through a 5 mm sieve. A soil–water
characteristic curve was determined using the pressure plate
method (Klute, 1986) and the soil moisture content at ﬁeld
capacity (–10 kPa, equivalent to 37% w/w) was estimated. Basal
fertilizer was thoroughly mixed through the soil at the following
concentrations (in mg pot
�1): NH4NO3 (380), KH2PO4 (229),
CaCl2 (131), MgCl2 (332), CuCl2 (10.7), ZnCl2 (11), Na2MoO4
(6.84), and H3BO3 (15). Two salt treatments: moderately saline
(ECe ;7.2 dS m
�1) and highly saline (ECe ;15.3 dS m
�1) and
a control treatment (ECe ;1.2 dS m
�1) were compared in this
experiment. The amounts of NaCl required to achieve the
nominal treatments were determined in an assay using 0–2000
mM NaCl and the actual soil. The saline soils were prepared by
dissolving NaCl salt in milliQ H2O and spraying the solution on
a 2 cm layer of soil to reach ﬁeld capacity moisture content. Each
soil was covered with plastic to control evaporation and left for
3da t2 5￿C to reach equilibrium, then mixed thoroughly and air-
dried (Tavakkoli et al., 2010b). Samples of the saline-synthesized
soils were moistened to ﬁeld capacity (water potential at –10 kPa)
and centrifuged at 4000 g for 30 min to extract the soil solution
which was passed through 0.25 lm ﬁlter paper. Electrical
conductivity, WO and ion concentrations of the solutions were
measured.
The plants were grown in pots, 10.4 cm in diameter and 32 cm
deep in which there were two layers of soil; 2200 g of air dry soil
(subsoil) which contains the salt treatment and 800 g of untreated
soil above (topsoil). Each layer was packed to a bulk density of
1.35 Mg m
�3. The subsoil and topsoil were separated by a 3 cm
layer of plastic beads 120 g. to prevent salt rising to the topsoil
through capillarity action. The top 3 cm of the pot was also
covered by plastic beads to minimize the water evaporation from
the soil surface. A polypropylene tube (14 cm long, 2 cm internal
diameter) was inserted into the upper 10 cm zone of each pot for
watering the subsoil and referred to subsequently as a subsoil
watering tube. During the ﬁrst 3 weeks, plants were watered
with reverse osmosis (RO) water from the top, but from 20 d
after planting, watering was done only through the subsoil
watering tube and the topsoil was allowed to dry. This watering
method was used to simulate the topsoil drying that occurs in
the ﬁeld.
Uniformly-sized seeds of each genotype were surface sterilized in
70% ethanol for 1 min, followed by soaking in 3% sodium
hypochlorite for 5 min, then rinsed three times with deionized
water. Five barley seeds were sown in each pot and thinned to
three per pot after 5 d. The experiment was conducted under the
same growth conditions as described in experiment 1. The pots
were weighed and watered to 90% (weeks 1–4) and 65% (weeks 5–10)
of ﬁeld capacity regularly and daily water use calculated. Plants were
grown for 10 weeks after germination. Three harvests were taken at
30, 50, and 70 d after germination, respectively. At each harvest, the
fully expanded youngest leaf blade and the whole shoot were
sampled for measurements of biomass, ion concentration, osmotic
potential, and organic solutes as explained in Experiment 1. The
experimental design was a factorial, completely randomized design
comprised of three treatment315 barley genotypes with three
replicates, giving a total of 135 pots.
Experiment 3: ﬁeld study
A ﬁeld trial was conducted to assess the genotypic variation among
13 barley genotypes (selected from Experiment 2) in response to
salinity stress at Hart, South Australia (latitude 33
o75# S and
longitude 138
o41’ E). The region has a Mediterranean-type climate
and received 404 mm of rainfall in 2009, compared to the long-
term average of 460 mm. The soil at Hart is a calcareous
gradational clay loam, classiﬁed as Vertic, Pedal, Hypercalcic
Calcarosol (Isbell, 1996). and is the most extensive soil of the
region (Hall et al., 2009). The topsoil is alkaline, non-saline, and
non-sodic but the subsoil is strongly alkaline (pH > 9), saline (ECe
;7.7 dS m
�1), and sodic exchangeable Na
+ percentage ;35%.
(Fig. 1). A randomized, complete block design with four repli-
cations was used. The trial was sown using a custom-built cone
seeder using a sowing depth of 30 mm. Basal fertilizer was applied
with the seed as 12 kg P ha
�1 of triple superphosphate
(N:P:K:S¼0:17:0:0). Granular urea (46:0:0:0) was applied by hand
immediately prior to sowing and as a post-emergent application.
Sowing rate was adjusted based on individual seed weight and
germination percentage with the aim of establishing 180 plants m
�2.
The plots were 6 rows320 m with an inter-row width of 22.5 cm and
an inter plot width of 25 cm. Weeds and disease, when present, were
controlled by a range of herbicides and fungicides.
At Zadoks growth stages (ZGS) (45 booting), 65 (50% anthesis),
and 92 (grain ripe), ﬁve randomly-selected plants from each plot
were sampled (Zadoks et al., 1974). The plants were washed and
separated into the upper and lower leaves of the main stem for dry
weight measurements, ionic analysis, leaf osmotic potential, and
organic solutes as explained in Experiment 1.
At ZGS65, ten soil cores were randomly taken from a soil depth
of 0–100 cm. Electrical conductivity (ECe), pH, soluble Na
+, Ca
2+,
and Mg
2+ were determined in a saturated paste extract. ESP was
calculated from the values of soluble Na
+, Ca
2+, and Mg
2+
according to Rowell (1994). Chloride concentration was measured
using a chloride analyser (Model 926, Sherwood Scientiﬁc,
Cambridge, UK). The plots were machine harvested using
a Wintersteiger plot harvester to determine grain yield.
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Fig. 1. The selected physical and chemical characteristics of soil
at Hart site. All the analyses were made on soil solution extracted
from saturated paste extract. The bars are standard errors of the
means (n¼10).
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Statistical analyses were performed in R 2.10.1 (R Development
Core Team, 2006). Data for growth, ion content, and moisture
content were analysed using two-way ANOVA to determine if
signiﬁcant differences were present among means. Variances were
checked by plotting residual versus ﬁtted values to conﬁrm the
homogeneity of the data. Differences among the mean values were
assessed by Least Signiﬁcant Differences LSD). Relationships
between individual variables were examined using simple linear
correlations and regressions which were performed using Sigma-
Plot version 12.1). Spearman’s rank correlation test (rs) was used
to examine consistency in the rankings of genotypes for salt
tolerance and grain yield between the three experiments. The
heritability of salt-tolerant traits were estimated by using of the
residual maximum likelihood (REML) statistical method to obtain
unbiased estimates of the variance components r2
g and r2
e, and the
best linear unbiased predictions (BLUPs) of the performance of
the 60 genotypes (replicated in two identical experiments) in the
ﬁrst experiment and 15 genotypes in the second experiment. Broad
sense heritability was estimated as h
2¼r2
g/(r2
g +r2
e). The signiﬁ-
cance of genetic variability among genotypes was assessed from the
standard error of the estimate of genetic variance r2
g, assuming the
ratior2
g/SE (r2
g) to be normally distributed (Krishnamurthy et al.,
2007).
Results
Hydroponics
Large genotypic variation in salt tolerance was evident
(Fig. 2) and it ranged from 39% in CPI77146-32 to 95% in
Halycon and Cl-3576 (Fig. 2). The Na
+ concentration in the
youngest fully expanded leaf varied over 3.5-fold among the
60 genotypes (Fig. 3a; see Supplementary Table 1S at JXB
online), ranging from 862 mmol kg
�1 DW in Skiff to 2818
mmol kg
�1 DW in CPI71284-48. There was also more than
a 2.8-fold variation in the concentrations of Cl
–, ranging
from 759 mmol kg
�1 DW in Chevron to 2162 mmol kg
�1
DW in CPI71284-48 (Fig. 3b; see Supplementary Table 1S
at JXB online). The heritability of salt tolerance (relative
shoot biomass) was 0.46 (Table 2). The salinity tolerance of
barley genotypes was not associated with their ability to
exclude Na
+ and/or Cl
– (Fig. 3a, b) or with variation in K
+
concentrations (Fig. 3c; see Supplementary Table 1S at JXB
online). The concentrations of Na
+ and Cl
– were signiﬁ-
cantly related (P <0.01), with Cl
- concentrations being
lower than Na
+ concentrations except in two genotypes
(Parent 19 and Tadmor) which had similar concentrations
of Na
+ and Cl
– (Fig. 3d).
Pot experiment
A signiﬁcant linear relationship was found between biomass
production of 15 genotypes under salinity and under non-
saline conditions at all three harvests, however, the range of
variation and ranking of genotypes varied signiﬁcantly. The
largest variation in salt tolerance was found at 70 d after
sowing (Harvest 3) and it varied from 56% in Flagship and
Schooner to 89% in WI4262 at ECe 7.2, and 43% in
Schooner to 84% in WI4262 at ECe 15.3, respectively (Fig 4;
see Supplementary Table 2S at JXB online).
The concentrations of Na
+ and Cl
– in the youngest fully
expanded leaf increased with successive harvests, but at
each harvest there was up to 2-fold variation in Na
+ and
a 1.7-fold variation in Cl
– concentrations among the 15
genotypes (Figs 5, 6). Plant Na
+ and Cl
– concentrations
under saline conditions were signiﬁcantly and negatively
correlated with salt tolerance only at 70 d after sowing at
ECe 7.2 and at 50 d after sowing at ECe 15.3 dS m
�1. In
both cases, the mean Na
+ and Cl
– was ;450 mM. WI4262,
Hindmarsh, and Capstan which were the most tolerant
varieties also had the lowest leaf Na
+ and Cl
– concentra-
tions. Plant Na
+ and Cl
– concentrations were low in the
Dry weight (g)
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Fig. 2. The range in dry matter production vertical bars and
salinity tolerance line-scatter plot of 60 genotypes of barley grown
in supported hydroponic system for 7 weeks. The salt tolerance
was calculated as the ratio of dry matter production under
150 mM NaCl treatment white bars to control condition black
bars). The coefﬁcient of variation of experiment was 4.15%. Values
are means (n¼4).
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with the shoot biomass ratio or actual shoot biomass under
control. Leaf osmotic potential varied signiﬁcantly among
genotypes and it was signiﬁcantly related to salt tolerance
only at the second harvest at ECe 7.2, albeit weakly, and
more strongly at the second and third harvest at ECe 15.3
(Fig. 7; P <0.001). Shoot K
+ concentration and K
+:Na
+
ratios at the third harvest under ECe 7.1 were signiﬁcantly
related to salt tolerance r¼0.70, P <0.05 whereas it was not
related to salt tolerance at ECe 15.1 (data not shown). The
heritability of salt tolerance (relative shoot biomass)
increased with each successive harvest, with values of 0.36,
0.47, and 0.66.
Field study
Genotypic variation in ion concentration and leaf osmotic
potential in relation to grain yield: There was a wide range
in plant grain yield and Na
+ and Cl
– concentrations among
the 13 genotypes (Fig. 8; see Supplementary Table 3S at
JXB online). Grain yield production ranged from 3320 kg
ha
�1 in Maritime to 5538 kg ha
�1 in Capstan. Signiﬁcant
genotypic variation occurred in Na
+ and Cl
– concentrations
as well as osmotic potential of the ﬂag leaf blade (Fig. 8).
Sodium concentrations varied widely, ranging from 345 to
556 mmol kg
�1 DW. Cl
– concentration also varied about
1.5-fold ranging from 415 to 670 mmol kg
�1 DW. As in
Experiment 2, leaf osmotic potential varied signiﬁcantly
ranging from –1.2 to –1.65 MPa. Leaf Na
+ and Cl
–
concentrations and osmotic potential were negatively
related to the grain yield (Fig. 8; P <0.001). The heritability
values of the Na
+ and Cl
– concentrations of the ﬂag leaf
blade were 0.68 and 0.75 (Table 2).
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Fig. 3. The relationship between whole plant salt tolerance and shoot concentration of (a) Na
+ (mmol kg
�1 DW), (b) Cl
– (mmol kg
�1
DW),(c). K
+ (mmol kg
�1 DW), and (d) relationship between shoot Na
+ and Cl
– concentration of 60 barley genotypes grown at 150 mM
NaCl for 7 weeks in a supported hydroponic system. The open circle is a genotype of the wild barley (Hordeum spontaneum) and the
closed circles are domesticated genotypes of barley (Hordeum vulgare). Values are means (n¼4).
Table 2. The values of heritability (h
2) for salt tolerance shoot
biomass under salinity/shoot biomass under control., shoot
concentration of Na
+, Cl
–,K
+, and Leaf osmotic potential for plants
grown in hydroponic, pot and in the ﬁeld
ST [Na
+] [Cl
–] [K
+] Leaf osmotic
potential
Hydroponic 0.46 0.35 0.33 0.22 0.35
Pot experiment EC 7.2 0.66 0.75 0.79 0.35 0.51
(Harvest 3)
Pot experiment EC 15.3 0.61 0.71 0.75 0.28 0.65
(Harvest 3)
Field – 0.68 0.75 0.21 0.55
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potential under salt stress: Analysis of the sap of leaf tissue
showed that the concentrations of sucrose, glucose, fruc-
tose, betaine, and proline increased markedly in response to
salinity treatments. The contribution of organic and
inorganic solutes to leaf osmotic potential Ws. was assessed
for all genotypes but just the results from three tolerant
(WI4262, Capstan, and Fleet) and three sensitive (Flagship,
Schooner, and Maritime) varieties identiﬁed in Experiment
2 are reported (Table 3). The mean leaf Wp was less in the
hydroponic experiment (–2.74 MPa) compared with the pot
experiment (–1.45 at ECe 7.2 dS m
�1, and –1.75 MPa at
15.3 dS m
�1) and the ﬁeld experiment (–1.38 MPa). In the
hydroponic experiment, inorganic solutes accounted for
88–95% of the measured total solute potential in all
genotypes whereas organic ion contribution to measured Ws
was only 3–8%. In contrast, the contribution of organic
solutes to leaf Ws in both ECe levels of Experiment 2 and in
the ﬁeld was signiﬁcantly higher and ranged from 4-40%.
The ranges in the contribution from organic osmolytes in
Experiment 2 and the ﬁeld experiment were similar. Three
tolerant and high-yielding varieties Capstan, WI4262, and
Fleet which had a better ability to maintain lower leaf Na
+
and Cl
– concentration also showed greater contribution
from organic solutes to contribute to total Ws. However, in
Flagship, Schooner, and Maritime, the major contribution
to Ws was from the high concentrations of Na
+ and Cl
–
(Table 3).
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systems
Despite the imposition of ionic stress to approximately the
same degree, based on the EC of the respective solutions in
hydroponics and soil culture, the genotypic variation in salt
tolerance was much greater in soil as evidenced by the
much greater salt3genotype interaction. Screening in the
pot experiment identiﬁed three salt-tolerant genotypes
Capstan, Fleet, and WI4262. which were also identiﬁed as
high-yielding genotypes at a saline site in the ﬁeld. However,
there was also a large discrepancy between hydroponic-based
ranking of seedlings and soil-culture-based ranking of
seedling when salt tolerance was expressed as relative growth.
For example, the cultivars Fleet and WI4262 were two of the
sensitive genotypes in hydroponics, but overall were the most
tolerant and high-yielding varieties in soil and in the ﬁeld.
To quantify further the relation between salt tolerance of
seedlings in hydroponics and plants in pot screening with
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means among the three techniques were examined (Table 4).
Shoot Na
+ and Cl
– concentrations and leaf osmotic potential
of plants grown in the ﬁeld and soil-culture were signiﬁcantly
correlated to grain yield production and salt tolerance
(Table 4). By contrast, there were no signiﬁcant correlations
between those traits from plants grown in hydroponics and
grown in soil-culture or in the ﬁeld. There was no signiﬁcant
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Fig. 8. The relationship between grain yield and leaf concentration of (a) Na
+ concentration (mmol kg
�1 DW), (b) Cl
– concentration
(mmol kg
�1 DW), and (c) leaf Ws –MPa of 13 barley genotypes grown at Hart site in 2009. The results are from youngest emerged leaves
at ZGS 65. Fitted curves are derived from linear regression. The horizontal and vertical bars are LSD at 95% for the ion explanatory and
dependent variable respectively. Values are averages (n¼4).
Table 3. Estimated contribution of organic and inorganic ions to leaf osmotic potential (Ws 6SEM)
The contribution of individual solutes to measured Ws was determined using the van’t Hoff equation, where the calculated Ws, was based on
solute concentration on a fresh weight basis. The percentage value is based on the measured value of leaf Ws.
Leaf OP Na
+ Cl
– K
+ Sucrose
(MPa)
Glucose Fructose Betaine Proline Inorganic
contribution
Organic
contribution
( %)
Total
Hydroponic experiment (49 d after germination)
WI4262 –2.8860.23 –0.81 –0.88 –0.85 –0.02 –0.01 –0.01 –0.01 –0.05 88 3 92
Capstan –2.6560.21 –0.78 –0.81 –0.75 –0.03 –0.05 –0.01 –0.02 –0.06 88 6 95
Fleet –2.8560.20 –0.85 –0.7 –0.81 –0.05 –0.03 –0.04 –0.008 –0.11 83 8 91
Flagship –2.8760.21 –0.86 –0.85 –0.71 –0.05 –0.06 –0.04 –0.02 –0.05 84 8 92
Schooner –2.5760.25 –0.83 –0.85 –0.75 –0.02 –0.02 –0.01 –0.005 –0.04 95 4 98
Maritime –2.6160.26 –0.85 –0.79 –0.75 –0.05 –0.02 –0.01 –0.008 –0.05 92 5 97
Pot experiment EC 7.2 Harvest 3 (70 d after germination)
WI4262 –1.2860.03 –0.18 –0.22 –0.38 –0.09 –0.06 –0.09 –0.11 –0.03 61 30 91
Capstan –1.3860.05 –0.15 –0.19 –0.44 –0.11 –0.09 –0.08 –0.12 –0.05 57 33 89
Fleet –1.2160.04 –0.16 –0.21 –0.40 –0.12 –0.10 –0.11 –0.05 –0.02 64 33 97
Flagship –1.5960.06 –0.35 –0.42 –0.31 –0.08 –0.05 –0.04 –0.01 –0.06 68 15 83
Schooner –1.5860.08 –0.48 –0.50 –0.31 –0.02 –0.05 –0.02 –0.02 –0.02 82 8 90
Maritime –1.6660.09 –0.52 –0.65 –0.32 –0.05 –0.02 –0.01 –0.002 –0.01 90 6 95
Pot experiment EC 15.3 Harvest 3 (70 d after germination)
WI4262 –1.3260.03 –0.18 –0.31 –0.29 –0.07 –0.09 –0.11 –0.15 –0.05 59 36 95
Capstan –1.6560.05 –0.21 –0.29 –0.35 –0.11 –0.09 –0.10 –0.18 –0.11 52 36 87
Fleet –1.2960.06 –0.21 –0.28 –0.25 –0.15 –0.08 –0.09 –0.15 –0.05 57 40 98
Flagship –2.2560.08 –0.49 –0.59 –0.35 –0.11 –0.13 –0.15 –0.01 –0.02 64 19 82
Schooner –1.8860.09 –0.48 –0.51 –0.45 –0.05 –0.08 –0.05 –0.04 –0.05 77 14 91
Maritime –2.1160.08 –0.60 –0.71 –0.35 –0.04 –0.05 –0.04 –0.05 –0.05 79 11 90
Field experiment (ZGS 65)
WI4262 –1.1560.05 –0.25 –0.21 –0.28 –0.05 –0.08 –0.09 –0.05 –0.09 64 31 96
Capstan –1.2160.09 –0.22 –0.25 –0.31 –0.08 –0.05 –0.05 –0.02 –0.11 64 26 90
Fleet –1.1860.11 –0.15 –0.23 –0.25 –0.11 –0.07 –0.07 –0.05 –0.12 53 36 89
Flagship –1.4560.10 –0.33 –0.4 –0.25 –0.05 –0.08 –0.05 –0.07 –0.08 68 23 90
Schooner –1.6260.15 –0.45 –0.51 –0.25 –0.02 –0.05 –0.05 –0.09 –0.08 75 18 93
Maritime –1.6560.13 –0.49 –0.55 –0.22 –0.05 –0.08 –0.05 –0.08 –0.05 76 19 95
Screening methods for salinity tolerance | 9 of 15 Screening methods for salinity tolerance  |  3861correlation between leaf K
+ concentration and grain yield of
plants grown in the ﬁeld (Table 4). The ranking of genotypes
for their salt tolerance was evaluated by Spearman’s rank test
(Table 5). The ranking of 13 genotypes grown in all three
experiments on the basis of grain yield in the ﬁeld was
signiﬁcantly correlated with their ranking on the basis of their
salt tolerance at two different ECe levels in pot experiment.
By contrast, the ranking of the 13 genotypes in hydroponic
experiment differed completely from soil-culture and ﬁeld
screening (Table 5).
Discussion
A critical aspect of improving the salt tolerance of crop
plants is identifying the intraspeciﬁc differences in growth
under salt stress. Selecting the most effective procedure to
do this, based on speciﬁc physiological factors and which
predicts the differences in salt tolerance in the ﬁeld, is often
overlooked, yet arguably this is the crucial step in
developing robust screening methods for salt tolerance.
Further, the relative importance of different mechanisms
can vary between closely related species (Rush and Epstein,
1981) and varieties (Yeo and Flowers, 1983) and also with
the severity of salinity stress (Tavakkoli et al., 2010a). The
study reported here addressed three important questions for
the use of physiological mechanisms as selection criteria for
improving salt tolerance. (i) Is there genetic variation in the
expression of the mechanism? (ii) Is the targeted mechanism
important in affecting the whole plant tolerance to salinity?
(iii) Is the screening method used for selecting a tolerant
variety with a speciﬁc mechanism of salt tolerance under
controlled conditions able to predict grain yield in the ﬁeld?
Screening in hydroponics failed to predict differences in
salt tolerance and ion uptake in soil, whether under
controlled conditions or in the ﬁeld. The hydroponic
method used—exposing seedlings to short periods of
salinity stress—is one commonly used to assess salt
tolerance and to examine the mechanisms of salt tolerance
among genotypes. Despite the emphasis that has been
placed on Na
+ and/or Cl
– exclusion as a selection criterion
for salt tolerance (Munns et al., 2006), no relationship was
observed between the level of exclusion and salt tolerance in
the genotypes used in hydroponic study based on early
growth (Fig. 3). The different rankings in salt tolerance and
in the relationships between ion concentration and salt
tolerance between soil and hydroponics suggest there are
fundamental differences in the nature of the two systems
that inﬂuences the responses to salinity between the plants
grown. This has important implications for the development
of salt-tolerant germplasm and for elucidating the relative
importance of the mechanisms of salt tolerance in the ﬁeld.
Genetic differences in Na
+ and Cl
– exclusion among
barley genotypes were not associated with salt tolerance in
hydroponics (Fig. 3). A similar result has been found for
wheat (Genc et al., 2007), which brings into question the
Table 4. Correlation coefﬁcients (r) between pairs of physiological attributes of salt-stressed barley plants grown in different cultures
*, **, *** Signiﬁcant at 0.05, 0.01, and 0.001 levels, respectively (n¼13).
Experiment Field Pot ECe 7.2
Grain yield Leaf OP Na
+ Cl
– K
+ K
+:Na
+ ST Na
+ Cl
– K
+ K
+:Na
+ Leaf OP
Field Gain yield
Leaf OP –0.78**
Na
+ –0.82** 0.74**
Cl
– –0.93*** 0.82** 0.84**
K
+ –0.31 0.15 0.11 0.34
K
+:Na
+ 0.75** –0.73** –0.94*** –0.74** 0.20
Pot ECe 7.2 ST 0.78** –0.88** –0.71** –0.86** –0.02 0.74**
Na
+ –0.77** 0.88** 0.78** 0.85** 0.13 –0.77** –0.91***
Cl
– –0.87** 0.89** 0.80** 0.91*** 0.29 –0.74** –0.89** 0.94***
K
+ 0.55* –0.70** –0.57* –0.67** –0.07 0.62* 0.72** –0.78** –0.76**
K
+:Na
+ 0.71** –0.87** –0.72** –0.80** –0.06 0.75** 0.90*** –0.94*** –0.91*** 0.93***
Leaf OP –0.75** 0.80** 0.63* 0.79** 0.37 –0.54* –0.74** 0.80** 0.77** –0.73** –0.80**
Pot ECe 15.3 ST 0.76** –0.83** –0.66* –0.74** –0.06 0.66* 0.90*** –0.88** –0.85** 0.58* 0.82** –0.75**
Na
+ –0.37 0.46 0.69** 0.52* –0.05 –0.69** –0.43 0.55* 0.43 –0.66* –0.60 0.54
Cl
– –0.35 0.29 0.36 0.37 0.20 –0.32 –0.22 0.46 0.47 –0.71** –0.56 0.55
K
+ 0.18 –0.31 –0.16 –0.06 –0.37 0.07 –0.12 0.02 –0.17 0.01 0.00 –0.06
K
+:Na
+ 0.46 –0.57 –0.72 –0.52* –0.20 0.65* 0.32 –0.50 –0.51 0.63* 0.56 –0.56
Leaf OP –0.63* 0.83** 0.59* 0.69** 0.21 0.23 0.08 –0.14 –0.05 0.10 –0.79** 0.77**
Hydroponic ST –0.12 0.11 –0.08 –0.01 0.39 0.23 0.08 –0.14 –0.05 0.10 0.10 0.35
Na
+ 0.30 –0.25 –0.23 –0.19 –0.29 0.09 0.08 –0.03 0.00 –0.22 –0.08 –0.41
Cl
– –0.01 0.08 0.07 0.00 –0.35 –0.22 –0.06 0.28 0.14 –0.26 –0.25 0.08
K
+ 0.10 0.27 –0.02 0.10 –0.18 –0.05 –0.20 0.25 0.21 –0.25 –0.25 –0.02
K
+:Na
+ –0.38 0.53* 0.33 0.36 0.20 –0.24 –0.32 0.25 0.22 0.02 –0.15 0.47
Leaf OP –0.10 0.20 0.11 0.03 0.32 –0.07 0.09 –0.09 0.08 –0.23 –0.09 0.11
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concentrations commonly used in much of the current work
(100–150 mM NaCl). By contrast, in the pot and ﬁeld
experiments, genetic differences in Na
+ and Cl
– exclusion
and their association with plant growth were expressed
(Figs 5, 6). However, just as important was the observation
that the rankings in Na
+ and Cl
– exclusion in hydroponics
were unrelated to the rankings found in soil and in the ﬁeld.
Genetic differences in Na
+ exclusion have been previously
demonstrated in hydroponic studies (Schachtman et al.,
1991; Houshmand et al., 2005; Munns et al., 2006; Genc
et al., 2007), but the different results for selected barley
genotypes suggest that the level of discrimination is much
lower in hydroponics than in soil (Rivandi et al., 2010,
Tavakkoli et al., 2010a), although the cause of this
difference between the two systems is not yet understood.
The concentrations of Na
+ and Cl
– in leaves of the
hydroponically-grown plants were much greater than those
in soil- and ﬁeld-grown plants. Drew and Lauchli (1985)
showed an oxygen-dependent exclusion of Na
+ ion from
shoots by roots of maize. Under fully aerobic conditions,
roots partially excluded Na
+ from the shoots over a wide
range of NaCl concentration 0.2–200 mM). With root
anoxia, the exclusion mechanism broke down so that much
greater amounts of Na
+ reached the shoots, with the
simultaneous inhibition of K
+ transport. While the sup-
ported hydroponic system used in this study and by many
other researchers (Munns et al., 2002; Genc et al., 2007) was
ﬁlled and drained with 25 l of nutrient solution every 30 min
to provide aeration, the quantity of oxygen at the root
surface may not be sufﬁcient for an efﬁcient Na
+ exclusion.
Moreover, for soil-grown plants, the salt concentration in
the soil solution may not only change due to mass ﬂow
exceeding uptake, but also as a result of decreasing water
content in the vicinity of the roots due to high transpira-
tional demand and low unsaturated hydraulic conductivity.
This does not occur in solution culture, where the matric
potential is zero as is resistance to water movement
(Vetterlein et al., 2004).
Maintenance of high K
+ concentrations in salt-tolerant
genotypes was observed only among plants grown in soil at
ECe 7.2 dS m
-1 in Experiment 2, which may be one of the
mechanisms underlying their higher salt tolerance (Table 4).
However, for plants grown in hydroponics, at a soil ECe
;15.3 dS m
�1 and in the ﬁeld there was no signiﬁcant
relationship between salt tolerance and/or grain yield and
the shoot concentrations of K
+. The ratio of K
+:Na
+ has
been associated with salt tolerance (Gorham et al., 1990;
Dvor ˇak et al., 1994; Chen et al., 2007), however, in the
current study, the signiﬁcant positive correlation between
grain yield and K
+:Na
+ appears to be due to the genotypic
variation in shoot Na
+ concentration rather than mainte-
nance of high shoot K
+ concentration: there was a negative
correlation between salt tolerance and Na
+ and no signif-
icant relationship with K
+.
In soil-grown plants measuring the biomass production at
70 d after sowing (Harvest 3) showed the strongest relation-
ship with salt tolerance, and has revealed substantial
variation among genotypes at both levels of salinity stress
which was also predictive of grain yield in the ﬁeld (see
Supplementary Table S3 at JXB online). However, there
was no signiﬁcant correlation between the salt tolerance of
15 genotypes after 70 d (Harvest 3) and their salt tolerance
at earlier growth stages. This ﬁnding conﬁrmed the un-
suitability of using an early assessment of salinity tolerance
at the seedling stage (Krishnamurthy et al., 2007). Tolerance
to salinity is necessary at the whole plant level through the
complete life cycle in grain-producing species. The
determination of salt tolerance in saline conditions presents
simple and useful parameters, the differences in the levels of
salt tolerance at the seedling stage did not reﬂect enhanced
salinity tolerance at the adult plant level. Similarly, most
investigators have been unable to demonstrate a relationship
between tolerance under laboratory high-salt conditions
and later growth stages across a range of species, particu-
larly bread wheat (Kingsbury et al., 1984; Ashraf and
McNeilly, 1988), durum wheat (Almansouri et al., 2001),
and barley (Norlyn and Epstein, 1982). Nevertheless while
using relative growth at the early stage seems to be
a convenient test for screening large numbers of genotypes
in a rapid manner, it must ﬁrst be demonstrated that it is
correlated to tolerance during vegetative growth, ﬂowering,
and maturity if it is to be of value (Maas, 1986; Ashraf and
Harris, 2004). The heritability for salt tolerance, which
ranged from 0.36 to 0.66, show that genetic differences
explain a major part of the phenotypic differences. There
may be scope to improve the screening efﬁciency for shoot
biomass ratio further and thereby the operational heritabil-
ity values by sampling larger numbers of plants at one time.
Salinized crops produce osmotically active organic sub-
stances, which often accumulate in the cytoplasm to balance
the vacuole solute potential. Soluble sugars, proline, and
betaines are some of the compatible organic solutes found
in glycophyte plants (Hasegawa et al., 2000; Ashraf and
Harris, 2004). In our study, salt stress caused an increase in
ions and organic solutes in all genotypes, but the more salt-
tolerant varieties had a signiﬁcantly higher concentration of
soluble sugars glucose, fructose, and sucrose., glycine
betaine, and proline when grown in the soil or in the ﬁeld
(Table 3). Cram 1976., showed that of the various organic
osmotica, sugars contribute up to 50% of the total osmotic
potential in glycophytes subject to saline conditions. Ion
accumulation in plants can also play a major role in
osmotic adjustment to high salinities. It would seem,
Table 5. The Spearmans’s rank correlations between grain yield
of ﬁeld-grown plants and salt tolerance of plants grown in the
hydroponic and pot (n¼13)
Field
Grain yield
Pot ECe 7.2
Salt tolerance
Pot ECe 15.3
Salt tolerance
POT ECe 7.2 Salt tolerance 0.79**
POT ECe 15.3 Salt tolerance 0.82** 0.81**
Hydroponic Salt tolerance –0.22 0.11 –0.12
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and measured leaf osmotic potential observed here for
genotypes, that the simple accumulation of Na
+ and Cl
–
alone cannot account for the osmotic behaviour of these
varieties (Table 3). While the ability to restrict Na
+ and Cl
–
accumulation could prevent the development of an osmotic
imbalance in some genotypes, the concentration of Na
+ and
Cl
– accumulated when considered together with the re-
duction in shoot K
+ would seem to necessitate the synthesis
of additional osmotically active solute in order to prevent
an osmotic imbalance with respect to the external salt in soil
solution (Table 3). However, the contribution of organic
solutes to osmotic potential of hydroponically grown plants
was not signiﬁcant. The leaf osmotic potential of plants
grown under hydroponic systems was signiﬁcantly lower
than those grown in soil which reﬂects the large difference
between the two cultures in terms of the rate of Na
+ and Cl
–
uptake by plants (Table 3). Much previous research has
involved exposing plants suddenly to similar high concen-
trations of NaCl (>100 mM) that cause osmotic shock
rather than osmotic stress, which induces major trauma that
rarely if ever occurs in nature. Although an attempt was
made to overcome the trauma of osmotic shock by in-
creasing the concentration of salt gradually in several small
steps over a few days rather than in one large step (see the
Materials and methods), even this cautious approach may
have been too sudden to identify useful genetic variation in
salt tolerance. The important point is that it can take weeks
for such variation to become evident in soil and especially
under ﬁeld conditions, and soil-grown plants will have more
time to adapt to the salt concentration than plants in
hydroponic systems (Passioura, 2010). This is of particular
importance for an adaptation mechanism such as osmotic
adjustment, which requires the uptake of ions and the
formation of compatible solutes which are absent in
hydroponics (Vetterlein et al., 2004; Tavakkoli et al.,
2010a).
An important ﬁnding of this study was that the correla-
tions with Na
+ and Cl
– concentrations and salt tolerance in
the pots (Figs 5, 6c, e) was strongest when the plant Na
+
and Cl
– concentrations were close to those found in ﬁeld
study (Fig. 8a, b) and this was related to the differences in
the relationship between Na
+, Cl
–, and salt tolerance at the
three different harvests. This also occurred at different
harvests, depending on the level of soil salinity at which
plants were grown. Chloride toxicity has not been considered
to be a major factor in salt tolerance in cereal crops.
However, to a large extent, the different responses to elevated
Na
+ between hydroponics and soil were also seen with Cl
–. In
both pot screening and ﬁeld study, the concentrations of Cl
–
were higher than those of Na
+, but in hydroponics the Na
+
concentration was generally higher than Cl
– (Fig. 9).
Within any given ﬁeld, large ﬂuctuations in salinity,
drought, and extremes of temperature can occur. As
a consequence, a large degree of heterogeneity between the
stress levels that impact different plants in the same ﬁeld
can be present. This heterogeneity, in turn, can affect plant
performance and yield. In addition to heterogeneity in
saline conditions in differing parts of a given ﬁeld, the
simultaneous occurrence of different abiotic stresses should
also be addressed. Abiotic stresses such as salinity and
drought, salinity and heat, and distinct combinations of
drought and temperature, or high light intensity are
common to many agricultural areas and could affect plant
productivity. It was recently shown that the response of
plants to a combination of salinity and heat stress is unique
and cannot be directly extrapolated from the response of
plants to salinity or heat stress applied individually (Keles
and Oncel, 2002; Koussevitzky et al., 2008). Because
different abiotic stresses are most likely to occur simulta-
neously under ﬁeld conditions, a greater attempt must be
made to mimic these conditions in laboratory studies. The
timing of the salinity stress event with respect to the
developmental stage of the plant should also be addressed.
Although plants can differ in their sensitivity to various
abiotic stresses during different developmental stages
including germination, vegetative growth, reproductive
cycle, and senescence, from a strictly agronomic point of
view there appears to be only one main consideration
(Mittler and Blumwald, 2010): how would this interaction
between stress and development affect overall yield? Most
crops are highly sensitive to abiotic stresses during ﬂower-
ing, with devastating effects on yield (Sanchez et al., 2002;
Humphreys et al., 2006; Barnabas et al., 2008). Another key
difference between laboratory studies and ﬁeld conditions is
the intensity and duration of the stress. In the ﬁeld, salinity
(c)
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Fig. 9. The relationship between Na+ and Cl- concentration of 13 genotypes of barley grown in (a) hydroponic (49 days after
germination) , (b) pot (70 days after sowing) and (c) ﬁeld (ZGS 65). Values are averages (n = 3 or 4).
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several weeks and months and plants do not experience
a sudden stress. Thus, artiﬁcial soil mixtures containing
a high content of peat moss, vermiculite, sand or high
organic matter and solution culture methods should be
avoided because they cannot reproduce natural soil drying
conditions (Mittler and Blumwald, 2010; Tavakkoli et al.,
2010a). Conditions of water deﬁciency similar to those
occurring in the ﬁeld can be mimicked in the laboratory by
growing plants under limited daily amounts of water rather
than by withholding water altogether (see the Materials and
methods).
Conclusions
This study demonstrated that solution culture may not
allow differences in salt tolerance between genotypes to be
discerned and the diverse genotypic variation found in
hydroponics did not correlate with pot and ﬁeld experi-
ments. The ﬁndings suggested that assessing salinity toler-
ance at the seedling stage may not predict salinity tolerance
at the later stages. The exclusion of Na
+ and Cl
– signif-
icantly contributed to salt tolerance and grain yield pro-
duction in pot and ﬁeld studies. This work has also
established a screening procedure (Experiment 2) that
correlated with a ﬁeld evaluation of grain yield of the barley
varieties at a moderately saline site. This study also shows
that several processes are involved in salt tolerance and that
the correlation of these traits with salt tolerance can differ
with the severity of the salt stress. Speciﬁc-ion exclusion was
correlated with salinity tolerance under mild salinity stress
but at high salinity stress osmotic potential rather than ion
exclusion was more strongly correlated with salinity toler-
ance. The present study also suggests that salt exclusion
coupled with a synthesis of organic solutes are important
components of salt tolerance in the tolerant genotypes and
further ﬁeld tests of these plants under stress conditions will
help to verify their potential utility in crop-improvement
programmes.
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